Etching of natural diamonds by atomic hydrogen has been investigated on C(100), C(110), and C(111) single crystal surfaces. Infrared absorption spectroscopy and low-energy electron diffraction provide direct evidence for an etching anisotropy at 1100 K. The results indicate that, in the presence of atomic hydrogen, ͕111͖-oriented facet formation irreversibly occurs on both C(110) and C(100), whereas C (111) 82.65.My Investigating how hydrogen atoms interact with diamond surfaces is critical for the thorough understanding of diamond synthesis by chemical vapor deposition (CVD) [1] . The crucial role that hydrogen atoms play during diamond CVD is to etch away graphitic elements and, simultaneously, sustain sp 3 electronic configurations of surface carbon [2] . Hydrogen atoms, however, are known to etch diamonds as well, although the etching occurs at a markedly slower rate than that of graphite [3] . Recent studies of this subject have focused on hydrogenation and etching of diamond single crystals by atomic hydrogen generated by either microwave plasmas or hot filaments [4] [5] [6] . While the former method is potentially useful in diamond semiconductor technology [7] , the latter is a preferable approach for studying diamond etching in detail since it is a cleaner atom source. Thoms and Butler [5] pioneered in investigating the interaction between hot-filament-generated H and plasmapolished C(100) using high-resolution electron energy loss spectroscopy (HREELS) for CH vibrations. However, they obtained little information regarding the etching process due to the lack of adequate spectral resolution necessary to identify the surface-bonded species. Temperature-programmed desorption (TPD) mass spectrometry has also been applied for this purpose, but it failed to unambiguously detect any hydrocarbons desorbed from hydrogen-terminated diamond surfaces [8] .
Investigating how hydrogen atoms interact with diamond surfaces is critical for the thorough understanding of diamond synthesis by chemical vapor deposition (CVD) [1] . The crucial role that hydrogen atoms play during diamond CVD is to etch away graphitic elements and, simultaneously, sustain sp 3 electronic configurations of surface carbon [2] . Hydrogen atoms, however, are known to etch diamonds as well, although the etching occurs at a markedly slower rate than that of graphite [3] . Recent studies of this subject have focused on hydrogenation and etching of diamond single crystals by atomic hydrogen generated by either microwave plasmas or hot filaments [4] [5] [6] . While the former method is potentially useful in diamond semiconductor technology [7] , the latter is a preferable approach for studying diamond etching in detail since it is a cleaner atom source. Thoms and Butler [5] pioneered in investigating the interaction between hot-filament-generated H and plasmapolished C(100) using high-resolution electron energy loss spectroscopy (HREELS) for CH vibrations. However, they obtained little information regarding the etching process due to the lack of adequate spectral resolution necessary to identify the surface-bonded species. Temperature-programmed desorption (TPD) mass spectrometry has also been applied for this purpose, but it failed to unambiguously detect any hydrocarbons desorbed from hydrogen-terminated diamond surfaces [8] .
The hydrogen etching processes can be more accurately characterized by optical spectroscopic methods, because they provide a higher spectral resolution than that of HREELS. Shen and co-workers [9] first demonstrated this difference in spectral resolution by employing sumfrequency generation (SFG) to examine CH stretching on C(111), and presented the first affirmative evidence for the monohydride structure of the hydrogenated C͑111͒-͑1 3 1͒ surface. Infrared absorption measurements in our recent work [10] further indicated that C(111) could be almost ideally hydrogen terminated by repeatedly exposing the surface to H at elevated temperatures. In a more systematic investigation, we found hydrogen etching of natural diamonds to be severe and highly anisotropic on aspolished C(110) and C(100) surfaces at CVD temperatures, such as 1100 K. The etching, yielding well-structured ͕111͖-oriented facets, is revealed by the distinct changes in the infrared spectra. To our knowledge, Anzai et al. [11] and McGonigal et al. [12] did not observe these changes while using SFG and multiple internal reflection infrared spectroscopy, respectively, to probe the same surfaces.
This Letter presents the first observation of anisotropic diamond etching using single-pass Brewster-angle transmission spectroscopy of CH stretches on C(111), C(110), and C(100) surfaces. Independent low-energy electron diffraction (LEED) measurements were also taken to further investigate the ͕111͖-oriented facet formation due to hydrogen etching. The investigation of faceting by LEED, although already reported for a number of metallic and semiconducting surfaces [13] , is conducted on diamond single crystals for the first time.
The samples were prepared from type IIa natural diamond single crystals ͑6 mm diam 3 0.25 mm͒ which have a typical miscut of less than 3 ± in orientation. The as-polished crystal, after thorough cleaning by hot acid mixtures, was mounted on a molybdenum (Mo) sample holder attached to a Mo heater in an ultrahigh vacuum (UHV) chamber [10] . Surface oxides were initially desorbed by heating the sample to 1100 K. Hydrogen etching followed with each crystal surface exposed to H, produced by cracking pure H 2 at 5 3 10
25 Torr with a hot (1800 K) tungsten filament. The reaction lasted for 1 h at 1100 K and continued for an additional 30 min for hydrogenation at 800 K on each crystal surface. Sample spectra (8 cm 21 resolution and 2000 scans) were obtained at 800 K with the crystal oriented at a Brewster angle (67 ± ) with respect to the p-polarized light emitting from a Fourier transform infrared (FTIR) spectrometer. Reference scans were later taken after in situ oxidation of the diamond surfaces with 5 3 10 24 Torr of pure O 2 for 1 min to eliminate surface-bonded hydrogen.
0031-9007͞97͞78(19)͞3713(4)$10.00Low-energy electron diffraction measurements were conducted in a separate UHV chamber [14] , equipped with a hemispheric energy analyzer and a grazing incidence electron gun for Auger electron spectroscopy (AES). Similar to the infrared measurements, the surface was first cleaned by heating the sample to 1500 K, followed by hydrogen etching at 1100 K and 5 3 10 26 Torr of pure H 2 pressure. The LEED patterns were taken at room temperature with no O 2 used in the measurements. Since the hot filament temperature was intentionally maintained low, 1800 K [10, 12] , we detected no ͑,0.02 ML͒ tungsten or related contaminants on the hydrogenated surfaces from AES.
Herein, the ideal monohydride structures of the three diamond surfaces are denoted as C͑111͒-͑1 3 1͒:H, C͑110͒-͑1 3 1͒:H, and C͑100͒-͑2 3 1͒:H. For C͑111͒-͑1 3 1͒:H, one single CH bond is present in each unit cell of the surface lattice; thus, a single absorption for CH stretching should be observed. The infrared absorption spectrum in Fig. 1 verifies its presence, displaying a single resonance at 2832.8 cm 21 with a full width at half maximum ( FWHM) of 6 cm 21 , after deconvolution with instrumental resolution. From the infrared measurements, we find that C͑111͒-͑1 3 1͒:H is fairly stable in the presence of H after repeated cycles of etching, hydrogenation, oxidation, and desorption for several hours. The band's shape and intensity remain nearly constant; no additional features appear in the spectra. This observation is consistent with the result of the independent LEED measurements which yielded a ͑1 3 1͒ diffraction pattern (inset of Fig. 1 ) that became increasingly sharper as etching proceeded.
The simplicity of Fig. 1 markedly contrasts the complications observed on the other two diamond surfaces. [11] and 2915 or 2930 cm 21 by HREELS [5, 15] , which only displayed a single featureless band with an FWHM . 50 cm 21 . Assignment of this triplet is difficult since the exact structure of the etched surface remains unknown [16] . We therefore defer the assignment to the future when measurements of a well-defined surface are performed. Figure 2(b) illustrates the emergence of the singlet at 2832 cm 21 . The intensity of this absorption increases with etching time, opposite to the decay of the peaks around 2920 cm 21 . The singlet can be assigned to monohydride CH on C͑111͒-1 3 1 facets since its frequency agrees with that of C(111) single crystals to within 1 cm 21 . Remarkably, the absorption entirely dominates the spectrum after 8 h of etching.
The CH absorption spectra in Figs. 2(e)-2(h) reveal a dramatic ͕111͖ facet formation on C(110) as well. Among the three features at ϳ2850 cm 21 , the dominant one centered at 2832 cm 21 can be assigned to the CH stretch on C͑111͒-͑1 3 1͒ facets. The other two peaks at 2852 and 2874 cm 21 can then be associated with the outof-phase and in-phase stretching of two adjacent CH in a zigzag carbon chain on C͑110͒-͑1 3 1͒:H. Although McGonigal et al. [12] did not observe the splitting on a hydrogenated C(110) surface, the frequencies are in close agreement with the tight-binding calculations [17] , which predicted the doublet to situate at 2855 and 2863 cm 21 , respectively. As in the case of C(100), the characteristic absorptions of CH stretching on C(110) diminish as etching proceeds, accompanied by a new feature appearing at 2910 cm 21 [ Fig. 2(h) ]. The feature can be attributed to the CH stretches on ͕100͖-like facets.
The etching anisotropy should be primarily attributed to atomic hydrogen, rather than molecular oxygen. Estimation based upon the recent measurements of Chu et al. [18] insignificant damage on the surfaces. Our LEED measurements, where no O 2 was added, indeed confirm this event. Figure 3 depicts the ͕111͖ facet formation recorded by LEED on a different set of C(110) and C(100) crystals after prolonged hydrogen etching. Similar results were obtained despite the fact that the crystals and etching conditions are both different from those previously used in the infrared measurements. Closely examining the LEED patterns for C(110) reveals that all the spots can be assigned to the diffraction from ͕111͖-oriented facets. The absence of (110) diffraction spots suggests that the original surface has been severely scattered with domains too small to be detected. The spots in Fig. 3(a) are elongated, in accord with geometrical calculations [19] which show that the ͕111͖ facets on a planar (110) surface are shaped as ridges or triangular grooves. For the C(100) surface, although the diffraction from ͕111͖-oriented facets dominates the LEED pattern in Fig. 3(e) , additional faint diffraction spots from the original surface can be found. The shape of the spots is nearly round, implying that the ͕111͖ facets form pyramids or pyramidal pits as calculated [19] . According to spot profile analysis, the facets' average size can be estimated to be 20 3 50 Å on C(110) and ϳ70 Å on C(100).
Facet formation is most easily detected by recording the trajectory crossing of the LEED spots as the incident energy of the electron beam is varied [14] . The trajectory crossing never occurs for diffraction from a single planar surface, but can be observed when differently oriented facets coexist on the surface. Figures 3(d) and 3(h) summarize the kinematic calculations which include the diffractions from all possible ͕111͖ facets [19] for comparison. The results match nearly exactly with the observed trajectory crossings in Figs. 3(c) and 3(g) , supporting our earlier conclusion from infrared measurements that hydrogen etching of natural C(110) and C(100) diamonds at 1100 K is highly anisotropic with ͕111͖-oriented facets preferentially formed.
The facet formation observed in the present experiment is governed by kinetics instead of thermodynamics. It occurs irreversibly, unlike the reversible faceting phase transitions induced by adsorbates or initiated by thermal annealing, commonly reported for metallic and semiconducting surfaces [13] . While details of the faceting kinetics depend on how the samples were first prepared, the overall feature of the ͕111͖-oriented facet formation is always reproduced. The reaction anisotropy can be qualitatively rationalized following the similar arguments of atomic hydrogen etching on silicon [20] . Compared to C͑111͒-͑1 3 1͒:H, C͑100͒-͑2 3 1͒:H is easier to etch because one of the three C-C backbonds of each surface carbon lies parallel to the (100) basal plane, thereby making it readily accessible to the incoming H atoms. Once H is inserted into the C-C lattice, the resultant bond strain can be reduced by tilting the newly formed CH bond toward the surface normal. Such a reduction stabilizes the intermediate hydrides ultimately leading to the final volatile product CH 4 . The bond strain theory can also be applied to account for the anisotropic etching on C͑110͒-͑1 3 1͒:H where each H-bonded carbon has two C-C backbonds lying parallel to the surface. As in the case of Si in which hydrogen etching begins at dihydride surface sites [21] , the possible mechanism of diamond etching is
We emphasize that the presently observed H-etching anisotropy is not at variance with previous studies [5-8, 11,12,15] in which the diamond surfaces were held near room temperature when dosing with H atoms. Under these conditions, no ͕111͖ faceting was detected. The present observation should not contradict the report of Thoms et al. [4] who discovered the remarkable function of hydrogen FIG. 3 . Observed and simulated LEED patterns of the intensively etched C(110) and C(100) surfaces. The measurements for C(110), taken at (a) a constant incident energy of E e 145 eV and (c) E e varied from 95 to 180 eV, are compared with the simulations in ( b) and (d). For C(100), the LEED patterns were taken at (e) E e 161 eV and (g) E e 101 157 eV to be compared to the simulated patterns in (f ) and (h). The spots diffracted from residual (100) surfaces are denoted by an arrow in (e), but are unobservable in (g) due to low intensity. Notably, all the simulations include only the diffractions from ͕111͖-oriented facets in the calculations . FIG. 4. A comparison of the LEED patterns of (a) hydrogenplasma-polished C(100), which was subsequently exposed to 1 3 10 5 L ͑1 L 10 26 Torr s͒ H 2 at 1100 K in the presence of the hot filaments to obtain ( b). The LEED patterns were taken at E e of (a) 126 eV and (b) 158 eV, respectively. plasmas on polishing diamond surfaces. Employing LEED, the authors showed that hydrogen plasmas can smoothen C(100), leaving the surfaces atomically flat with domains larger than 300 Å. We have also applied the technique with the same experimental parameters [4] in a microwave reactor [22] to explore how initial conditions of the diamond surfaces change the final observations and how the two etching processes differ. Figure 4 (a) exhibits a sharp ͑2 3 1͒ two-domain LEED pattern of the plasma-polished surface of C(100), a result essentially identical to that of Thoms et al. [4] . On this ideally hydrogen-terminated ͑2 3 1͒ surface, following similar procedures as before, we reproduced the anisotropic H etching [ Fig. 4(b) ]. The sharp contrast of these two LEED patterns in Fig. 4 strongly suggests that the observed etching anisotropy is due to interesting chemistry and has little to do with the initial roughness of the surfaces. To date, we are not aware of any theories to account for the mechanism of surface smoothing by hydrogen plasmas. The present results, however, do indicate that the smoothing effects could be assisted by fast ions [23] which are not present in the hot filament experiments.
Finally, we roughly estimate surface morphology from relative infrared absorption intensity analysis. As the change of surface area is reflected in the absorption intensity of CH stretching, the spectra taken at the final stage of etching in Fig. 2 are compared with that in Fig. 1 . With the facets' orientation and the substrate's reflectivity properly considered [24] , we estimate that nearly 40% of C(100) and 10% of the C(110) surface in Fig. 2 are covered with the newly formed ͕111͖-oriented facets.
